Summary Previous studies have demonstrated that fatty acid oxidation in the liver may affect food intake. This study examined the influence of preloading of medium-chain triacylglycerol (MCT) on food intake in comparison with long-chain triacylglycerol (LCT). Male rats were fasted for 18 h and then administered LCT or MCT emulsion orally. Each group of rats was allowed to rest for 30 min, and then food intake during 1 h was measured. Food intake in the MCT group was significantly lower than that in the LCT group. To examine the influence of hepatic oxidation, the MCT ϩ MA group was injected intraperitoneally with mercaptoacetate (MA), an inhibitor of fatty acid oxidation, 2 h before ingestion of MCT emulsion. Then, 30 min after ingestion of LCT or MCT emulsion, food intake was measured for 1 h. Food intake in the MCT group was significantly lower than that in the LCT group, but there was no significant difference between the MCT ϩ MA group and the LCT group. Food intake in the MCT ϩ MA group was significantly higher than that in the MCT group. The hepatic ATP content after MCT ingestion was significantly higher than that after LCT ingestion, but there was no significant difference between the MCT ϩ MA group and the LCT group. The hepatic ATP content after MCT ϩ MA ingestion was significantly lower than that after MCT ingestion. These results suggest that ingestion of medium-chain fatty acid (MCFA) increases the liver ATP content in fasted rats, consequently decreasing food intake.
Medium-chain triacylglycerol (MCT) is an edible oil composed of C8 and C10 saturated fatty acids. Compared with long-chain triacylglycerol (LCT), MCT has several unique physiological and biological characteristics (1) (2) (3) (4) . Medium-chain fatty acid (MCFA) are absorbed through the portal system without resynthesis of triacylglycerol in intestinal cells and are predominantly subjected to ␤ -oxidation in the liver ( 5 ) . Consequently, MCT is easily oxidized, because its intramitochondrial transport does not require carnitine palmitoyltransferase (CPT), the rate-limiting enzyme of mitochondrial ␤ -oxidation ( 6 ) .
On the other hand, a variety of evidence indicates that hepatic fatty acid oxidation influences food intake ( 7 , 8 ) . Administration of either mercaptoacetate (MA), which suppresses fatty acid oxidation by inhibiting the acyl-CoA dehydrogenase that catalyzes mitochondrial ␤ -oxidation ( 9 ), or methyl palmoxirate (MP), which reduces fatty acid oxidation by inhibiting the intramitochondrial transport of fatty acids ( 10 , 11 ) , stimulates feeding behavior in rats ( 12 ) . Therefore, Friedman et al. have proposed that a decrease in hepatic fatty acid oxidation could stimulate feeding behavior by reducing hepatic energy production ( 12 ) . We hypothesized that preloading of MCT, which promotes the oxidation of hepatic fat, would suppress food intake. In this study, food intake after MCT ingestion was measured in comparison with LCT in rats. We also examined the effect of MA on food intake after MCT or LCT ingestion.
MATERIALS AND METHODS
Materials . LCT was purchased by Sigma-Aldrich, and MCT was prepared by The Nisshin OilliO Group, Ltd. (Tokyo, Japan). Their fatty acid compositions (Table  1) were measured by gas chromatography (6890 series; Agilent Technologies, Palo Alto, California, USA) with a capillary column (SP2340; Supelco, Bellefonte, Pennsylvania, USA). LCT and MCT were administered orally as a 30% oil-in-water emulsion (30% fat, 69% saline, 1% emulsifying agent S-1170; Mitsubishi Kagaku Foods, Tokyo, Japan), prepared with a sonicator.
Animals . All animals were treated in accordance with the guidelines for the care and use of laboratory animals (Notification of the Prime Minister's Office in Japan). Ten-week-old male Wistar rats were purchased from Japan SLC, Inc. (Hamamatsu, Japan). They were housed individually in stainless steel wire-bottom cages in a room maintained at 22-24˚C with a 12-h lightdark cycle (dark period: 08:00-20:00). The rats were fed a powdered CE-2 diet (CLEA Japan, Inc., Tokyo, Japan) for 1 wk. After a week of acclimation, the rats were divided into the following three BW-matched E-mail: k-ooyama@nisshin-oillio.com groups with eight rats in each group.
Experiment 1: Effect of MCT on food intake . Rats were fasted for 18 h and then LCT emulsion or MCT emulsion, or saline as a control, was administered orally (1 mL/rat) at 10:00. After a 30-min rest, each group of rats was fed a powdered CE-2 diet for 1 h. The food intake of each rat was express as g number per weight of 100 g.
Experiment 2: Effect on serum and liver fatty acid composition and liver ATP content . Rats were fasted for 18 h and then administered LCT or MCT oil emulsion orally at 10:00. After a 60-min rest, each group of rats was anesthetized (50 mg/kg sodium pentobarbital i.p.). Portal blood samples from the rats were assayed for fatty acid composition, and blood from the inferior vena cava was assayed for serum factors. The livers from each group of rats were used for analysis of liver free fatty acid (FFA) composition and liver ATP assay.
Liver FFA composition was analyzed as follows. Liver tissue (0.5 g) was weighed and homogenized in distilled water at 4 mL/g. To extract the lipid fraction, the homogenate was first mixed with 20 mL/g chloroform : methanol (2 : 1, v : v) and stored for 2 h at room temperature. After centrifugation at 1,800 ϫ g for 20 min, the upper methanol phase was removed and discarded. Approximately 5 mL of the lower chloroform layer was analyzed. The fatty acid compositions were measured by gas chromatography. Liver ATP assay was performed according to Friedman et al. ( 13 ) . Briefly, the liver was exposed through a midline abdominal incision, then a portion of the median lobe was excised, immediately freeze-clamped using aluminum blocks previously cooled in liquid nitrogen, and finally immersed in liquid nitrogen. Liver samples were stored at Ϫ 80˚C before extraction, which involved pulverization under liquid nitrogen and homogenization in 6% perchloric acid. The homogenates were centrifuged, and the resulting supernatants were adjusted to pH 7.8 with 69% K 2 CO 3 , placed on ice for 1 h, and centrifuged again. The supernatants from these neutralized extracts were diluted 1 : 200 with purified water and stored at Ϫ 80˚C before assay for ATP. ATP was assayed enzymatically using a commercial kit (Sigma FL-AA, Technical Bulletin No. BAAB-1), based on the luciferin-luciferase reaction.
Experiment 3: Effect of MA on food intake . Rats were fasted for 16 h, and MCT ϩ MA group rats were injected with mercaptoacetate (MA, Sigma-Aldrich, 400 mol/ kg) intraperitoneally. LCT and MCT group rats were injected with saline at 8:00. After a 2-h rest, the rats were administered LCT or MCT oil emulsion orally (1 mL/rat). Then, after a 30-min rest, each group of rats was fed a powdered CE-2 diet for 1 h. The food intake of each rat was expressed as g number per weight of 100 g. Experiment 4: Effect on serum leptin, peptide YY, insulin, glucose, and triacylglycerol . Rats were fasted for 18 h, and then administrated LCT or MCT oil emulsion orally. After a 60-min rest, each group of rats was anesthetized (50 mg/kg sodium pentobarbital i.p.), and blood was collected from the inferior vena cava. Serum was obtained by centrifugation at 300 ϫ g for 15 min at 4˚C and frozen at Ϫ 20˚C The serum leptin and peptide YY concentrations were measured using ELISA kits (Morinaga, Yokohama, Japan, and Yanaihara Institute Inc., Shizuoka, Japan, respectively) in accordance with the manufacturers' instructions. Insulin was analyzed using a rat insulin ELISA kit (Shibayagi Co., Ltd., Gunma, Japan). Serum glucose and triacylglycerol concentrations were analyzed using a colorimetric assay kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan).
Statistical analysis . Data are expressed as means Ϯ SE. In results of food intake tests and ATP content, the significance of differences among the different groups was determined by one-way ANOVA (SPSS version 13-J; SPSS, Tokyo, Japan) followed by Fisher's protected least significant difference test. Serum data were analyzed by the F -test for quality of variance, and significant differences between groups were determined by Student's ttest. Differences were considered significant at p Ͻ 0.05.
RESULTS

Experiment 1: Effect of MCT on food intake
There was no significant difference in food intake between the saline group and the LCT group. However, food intake in the MCT group was significantly lower than that in the LCT group and the saline group (Table  2) .
Experiment 2: Effect on serum and liver fatty acid composition and liver ATP content
To examine whether MCFA was transported to the liver at 1 h after administration, fatty acid composition analysis of portal blood and liver was conducted. MCFA was not detected in portal blood or liver in the LCT group (Table 3) . On the other hand, in the MCT group, about 0.1% MCFA was detected in the liver, and about 5% MCFA was detected in portal blood (Table 4) .
Experiment 3: Effect of MA on food intake
Rats received an intraperitoneal injection of MA 2 h before MCT ingestion in order to inhibit lipid oxidation in the liver. Food intake in the MCT group was significantly lower than that in the LCT group, but food intake in the MCT ϩ MA group was significantly higher than that in the MCT group. There was no significant difference in food intake between the MCT ϩ MA and LCT groups ( Table 5 ). The liver ATP content in the MCT group was significantly higher than that in the LCT group, and the liver ATP content in the MCT ϩ MA group was significantly lower than that in the MCT group. There was no significant difference in liver ATP content between the MCT ϩ MA and LCT groups (Table  6 ).
Experiment 4: Effect on serum leptin, peptide YY, insulin, glucose, and triacylglycerol
There were no significant differences in serum leptin, peptide YY, or glucose concentrations between the MCT and LCT groups. The serum insulin concentration in the MCT group was significantly higher than that in the LCT group. The serum triacylglycerol concentration in the MCT group was significantly lower than that in the LCT group (Table 7) .
DISCUSSION
In the present study using rats, we observed that food intake was decreased by about 20% at 1.5 h after ingestion of MCT compared with LCT or saline, suggesting that ingestion of MCT may control food intake.
Friedman et al. examined food intake in normal ad lib-fed rats during the first 6 h after ingestion of LCT or MCT, and found no significant difference of food intake between rats fed LCT and those fed MCT ( 7 ). In the present study, we demonstrated that food intake in MCT-fed rats was significantly lower than that in LCTfed rats after an 18-h fast. Thus the effect of MCT on food intake may differ according to fasting period. The hepatic ATP content in rats fed MCT was significantly higher than that in rats fed LCT. In order to clarify the contribution of hepatic oxidation of MCFA, we examined the influence of a hepatic oxidation inhibitor on food intake in MCT-fed rats. The suppression of food intake and the increase in the ATP content induced by MCT preloading were inhibited by injection of mercaptoacetate (MA). MA suppresses fatty acid oxidation by inhibiting the long-chain acyl-CoA dehydrogenases that catalyze mitochondrial ␤-oxidation (9). Bauché et al. reported that octanoate oxidation was also markedly decreased after MA administration (14) . Therefore the suppression of food intake by MCT preloading may be related to the hepatic ATP content. Recently, using hepatic vagotomy and selective afferent blockade of the hepatic vagus, Uno et al. demonstrated that the afferent vagus affects peripheral tissues, possibly by conveying information on excess energy balance from the liver to the central nervous system (15) .
In the present study, we did not prepare LCTϩMA groups. Since MA inhibits endogenous fatty acid oxidation and reduces hepatic ATP content (12) , it was speculated that food intake in the LCTϩMA group would be higher than that in the LCT group. Measurement of the ATP content before injection of MA was not performed in the present study. As Friedman et al. (12) have reported that the hepatic ATP content in ad lib-fed rats is about 2.8 (mmol/g liver), the hepatic ATP content in fasted rats would likely have been below this value.
On the other hand, carnitine plays a key role in the oxidation of long-chain fatty acids and increases fatty acid ␤-oxidation. Laviano et al. have reported that carnitine increases food intake in rats with anorexia induced by total parenteral nutrition (16) .
MCFA are absorbed through the portal system without resynthesis of triacylglycerol in intestinal cells, and are predominantly subjected to ␤-oxidation in the liver (5) . We examined the fatty acid composition of portal blood and liver at 1 h after MCT ingestion, and found about 5% MCFA in the portal blood, indicating that MCFA are absorbed 1 h after oral intake of MCT. However, the liver contained only about 0.2% MCFA. Ronis et al. reported that no MCFA was present in the hepatic fatty acid pool, although more than 90% of MCFA is present in dietary fatty acids (17) . MCFA oxidizes rapidly in the liver and increases energy expenditure (18) . In our previous study using rats, we found that oxygen consumption of MCT was significantly increased in comparison to LCT at 30 min after oral administration (19) . The rapid oxidation of MCFA in the liver leads to an increase in the liver ATP content.
Previous studies have examined leptin (20, 21) and PYY (22, 23) , which exert a restraining effect on food intake. In the present study, there was no significant difference in the serum leptin or PYY levels between MCTand LCT-fed rats, indicating that leptin and PYY play no role in the mechanism responsible for decreased food intake after MCT ingestion.
The serum triacylglycerol level in rats fed LCT was significantly higher than that in rats fed MCT. This indicates that LCT passes through the lymph and begins to appear in serum within 1 h. On the other hand, MCT oxidizes rapidly in the liver, and so little appears in serum.
The serum insulin level in rats fed MCT was significantly higher than in rats fed LCT. It is known that the ketone bodies derived from MCT stimulate insulin release from pancreatic ␤-cells (24) . Centrally administered insulin or insulin mimetics decrease food intake and body weight (25) . Therefore, more detailed examinations are necessary to determine whether the increase of serum insulin is related to the mechanism of food intake suppression by MCT. In the present study, we measured food intake during 1 h. In order to examine the time course of food intake, it will be necessary to conduct measurements for a longer period.
In conclusion, rats fed MCT showed a decrease of food intake and an increase in the liver ATP content compared with rats fed LCT. These effects of MCT ingestion were inhibited by injection of MA. These results suggest that the decrease of food intake resulting from MCT preloading depends on an increase of hepatic ATP production in comparison with LCT preloading.
